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INTRODUCTION
Thermoelectric (TE) power generators enable the direct conversion from heat to electricity. Ideal materials for thermoelectric generators should possess high dimensionless figure of merit ZT = [S 2 σ/( e+  L )]T, where S, σ,  e ,  L , and T are the Seebeck coefficient, electrical conductivity, electronic thermal conductivity, lattice thermal conductivity, and absolute temperature, respectively. 1 The exploration from metals to alloys and from single crystals to nanostructures pushed the ZT values higher and higher. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Many approaches, such as resonant doping 12, 13 , band convergence 14, 15 , all-scale hierarchical structure 16, 17 , etc. have been realized in the group IV-VI semiconductors. Peak ZTs as high as 2 were obtained frequently in different lead chalcogenide alloys. 16, 18, 19 Concerns on toxicity of lead also inspired the study of lead-free tin chalcogenides. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] All the tin chacogenides (SnTe, SnSe, and SnS) were proved to be topological insulators. [32] [33] [34] It has been reported that p-type In-doped SnTe has ZT value higher than 1.0. 20 A surprising record ZT ~2.6 at 923 K was recently reported in p-type SnSe single crystal along one of the crystallographic directions. 23 This material was scarcely studied as TE materials due to the large band gap ~0.9 eV. [35] [36] [37] [38] [39] The high ZT is solely attributed to the intrinsically ultralow thermal conductivity due to high anharmonicity of the chemical bonds. 23, 40, 41 Considering the large-scale applications and the poor mechanical properties in the layered single crystal SnSe (crystallized in the orthorhombic Pnma space group), SnSe polycrystals were then studied. 26 However, due to lowered electrical conductivity and higher thermal conductivity, the peak ZT value was significantly decreased to lower than 1 at about 800 K. 26 Many kinds of p-type dopants were tested to increase the carrier concentration and electrical conductivity, and best peak ZT of ~0.6 at about 750 K was achieved in Ag-doped polycrystalline SnSe. 27 SnS (crystallized in the orthorhombic Pbmn space group) has the similar layered structure with SnSe and even larger band gap ~1.21 eV. 35, 36, 38, 39, 42, 43 Potential application of this environmentally compatible and low-cost material was predicted by first principles calculation 44 and a ZT of ~0.6 at about 900 K was recently obtained in p-type Ag-doped SnS polycrystals. 29 However, there is no report on ntype tin chalcogenide alloys up to now.
In this paper, we successfully prepared anisotropic I-doped n-type SnSe polycrystals with the highest ZT of ~0.8 at about 773 K measured along the hot-pressing direction. Since SnS and High ZT was found in single crystal along one of the crystallographic directions, not all directions. High energy ball milling for long time will eliminate the anisotropy therefore we only used a very short milling time: 1 min, to achieve some anisotropy in the grains. The powder was loaded into the half-inch die and hot pressed by alternating current (ac-HP) press at 600 o C for 7 min under 50 MPa to get a 14 mm rod. Considering the anisotropy of SnSe and SnS, all the samples were cut from both parallel and perpendicular to the pressing direction and measured along both directions. X-ray diffraction spectra analysis was conducted on a PANalytical concentration n H was calculated using n H = 1/(eR H ). The uncertainty for the electrical conductivity is 3%, the Seebeck coefficient 5%, the thermal conductivity 7% (comprising uncertainties of 4% for the thermal diffusivity, 5% for the specific heat, and 3% for the density), so the combined uncertainty for the power factor is 10% and that for ZT value is 12%. Error bars were only used in the ZT vs T figures to increase the readability of the curves.
RESULTS AND DISCUSSION
SnSe crystallizes in a layered structure with orthorhombic Pnma space group (PDF #32-1382) at room temperature. The small peak at about 500 K corresponds to the melting of maybe a very small amount of elemental Sn. 26 The electrical conductivity of SnSe is much lower than those of the traditional state-ofthe-art thermoelectric materials in spite of the single crystallization. The very high ZT of SnSe is attributed to the ultralow thermal conductivity due to the intrinsically high anharmonicity of the chemical bonds 23, 40 . Polycrystal SnSe has even lower electrical conductivity compared with single crystal SnSe. 26 The Hall carrier concentration can be increased from ~2×10 17 cm -3 to ~9×10 18 cm -3 by Ag doping. 27 However, the electrical conductivity is still low because of the low hole mobility in polycrystals. By doping with iodine, n-type SnSe polycrtstals were first prepared by melting and hot pressing in this study. Considering the low electronic thermal conductivity ( e = LσT, where L is the Lorenz number), the lattice thermal conductivity ( L =  total - e ) is close to the total thermal conductivity shown in figure 4 (e). Similar with other reported SnSe, 23, 26, 27 high ZT ~0.8 at about 773 K as in figure 4 (f) is mostly benefit from this very low intrinsic thermal conductivity. We also show the properties of SnSe 0.97 I 0.03 measured both parallel and perpendicular to the hot pressing direction in figure 6 . The electrical conductivity and the thermal conductivity measured from perpendicular to the hot pressing direction are higher than those from parallel to the hot pressing direction and the Seebeck coefficient is almost the same from two directions. But the ZT is higher along the hot pressing direction. 
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Power factor (W SnS also crystalizes in a layered structure with orthorhombic Pbmn space group (PDF #39-0354) at room temperature. 29 It undergoes the structure transition from orthorhombic to tetragonal at about 858 K. 29 We also studied the alloying effect of SnS into SnSe to see whether further reduction on thermal conductivity is possible. Figure 7 shows the XRD patterns of . We use data from reference [29] for undoped SnS. table 1 ). Optical absorption spectra in figure 9 show that the band gap of undoped SnSe is ~0.94 eV, which is decreased to ~0.91 eV for ZT. However, we must notice the low average ZT of tin chalcogenides, even worse than that of lead chalcogenides. Through the combination of nanostructures and complex band structure, an increased average ZT was obtained in Na-doped p-type PbTe/Ag 2 Te (300-750 K). 47 Due to the stabilization of the optimal carrier concentration, an increase in average ZT was also achieved in Na-doped Pb 0.97 Mg 0.03 Te (300-750 K). 48 Cr was recently found effective to increase the average ZTs of PbSe 49 and PbTe 1-x Se x 50 (300-873 K). HgTe was recently used to enhance the low average ZT of SnTe (300-873 K). 30 Increased low temperature ZT could be expected in SnSe. Due to the very low electrical conductivity, the lattice thermal conductivity is very close to the total thermal conductivity in our study (solid symbols). 
